Photoluminescence (PL) properties of ZnO nanocrystals were studied by using time-resolved and spatially-resolved PL spectroscopies. Three PL peaks ( , , and lines) were observed at 20 K and only the line was observed in diluted ZnOnanocrystal dispersed glass films. The time-resolved PL measurements revealed that the line decayed single exponentially, while the line decayed non-exponentially. From these experimental results the origins of the observed PL peaks were discussed.
Introduction
Optical properties of wide-bandgap semiconductors have been studied extensively because of their potential for optoelectronic device application in the blue-UV wavelength region. Zinc oxide (ZnO) is one of the attractive widebandgap semiconductors because it has rather large exciton and biexciton binding energies (60 and 15 meV [1] [2] [3] ) and it is an environmentally friendly material. It is also a candidate material for the matrix of functional impurity doping, such as rare earth ions [4] . Since optically pumped laser action was reported in ZnO epitaxial films in 1997 [5, 6] , many researchers have studied fabrication and optical properties of ZnO-related materials. At low temperatures, multiple photoluminescence (PL) peaks were observed in the band-edge energy region in many ZnO nanostructures, such as nanocrystals (NCs), nano-rods, and grain films [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the origins of the PL peaks are controversial as they have been attributed to a wide range of possible origins. Understanding the origins of the PL peaks is crucial to study the basic optical properties of ZnO nanostructues and also to design ZnO-based optoelectronic devices.
Recently, we reported that three PL peaks ( : 3.367 eV, : 3.327 eV, and : 3.267 eV) were observed at low temperatures in ZnO NCs dispersed in glass films [17, 18] and that with a decrease of the NC density in the films the and lines were diminished and only line was dominated [19] . The line was attributed to the excitons bound to neutral donors (D 0 , X), while the and lines were attributed to the localized electronic states at the interface between aggregated NCs [19] . In order to discuss these PL properties in detail, we measured the spatiallyresolved PL and time-resolved PL spectra of ZnO NCs.
Experiment
The samples used in this study were ZnO powder (Aldrich Co.) with an average size of 70 nm in diameter (sample A) and ZnO NCs dispersed in water (C. I. Kasei Co., Ltd.) with a size of 10-40 nm in diameter (sample B). Sample A was dispersed in water, and the slurry of both the samples A and B were used to fabricate NC-dispersed glass films on a quartz substrate by a sol-gel method. The details of the sol-gel method were described in Ref. [19] . The NC density of the film using 10 ml of 7.5 wt% NC slurry is defined as n 0 . The NC density in the films, n, can be varied by simply changing the NC concentration in the slurry.
For studying the PL properties, we employed macroscopic PL (macro-PL), spatially-resolved microscopic PL ( -PL), and time-resolved PL spectroscopies. The macro-PL spectra were measured using a 325-nm line of a cw He-Cd laser, which was focused on the sample by a quartz lens with a focal length of 100 mm. The luminescence from the sample was dispersed by a 320-mm monochromator and detected by a liquid-nitrogen-cooled charge coupled device (CCD) camera. The samples were attached in a closed cycle He-gas cryostat. The -PL spectra were measured using a home-built -PL system [20, 21] . A 325-nm line of a cw-He-Cd laser was focused on the sample by an objective lens (x80). The emitted luminescence was collimated by the same objective lens and was acquired by a 500-mm monochromator with a liquid-nitrogen-cooled CCD camera. The samples were attached in a closed cycle He-gas cryostat constructed for the -PL measurements. The spatial resolution of the -PL images was about 1.3 m. The spectral sensitivities of the macro-and -PL measurement systems were calibrated by a standard W lamp. For the time-resolved PL measurements, a third harmonic generation ( = 265 nm) of a mode-locked Ti:Saphire laser was used. The repetition rate and pulse width were 76 MHz and ~100 fs, respectively. The emitted light from the samples was detected by a 250-mm monochromator with a streak camera. The time-resolution of this system was 85 ps. The macro-PL spectra of sample A at 20 K with various NC densities are shown in Fig. 1 . Three PL peaks ( , , and ) are observed in n = n 0 . According to previous papers [7, 8, [10] [11] [12] [13] 15] , the line is assigned as (D 0 , X). It is noted that with a decrease in n, the and lines are diminished and only the line is dominated. The same n dependence of the PL spectra was observed in sample B [19] . This result suggests that the and lines do not originate from the electronic states in the isolated individual ZnO NCs nor phonon replicas of the line. In our previous work, we supposed that the and lines were due to localized electronic states at the interface between aggregated NCs [19] . Figure 2(a) shows -PL image of NC-dispersed glass films with n = 0.05 n 0 of sample B. One PL spot is observed within the instrumental spatial resolution. The PL spectra of this PL spot are shown in Fig. 2(b) . The positions are denoted as (x, y), where x and y are horizontal and vertical coordinates (in m), respectively. Only the line is observed in this observed area and the spectral shape is essentially the same within this PL spot. Figure 2 (c) shows time trace of the -PL intensity, where each point was 1 s accumulated. The PL intensity changes dramatically in time, which indicates that the PL intermittency occurs in ZnO NCs similar to other semiconductor NCs [22] [23] [24] . In Fig. 2(c) the PL intensity does not show simple on-off behavior because the PL probably blinks several times within the accumulation time (1 s). The experimental results of -PL measurements suggest that the observed PL is due to a single NC and only the line is observed in isolated individual NCs. Figure 3 shows PL decay profiles of the and lines in addition to time-integrated PL spectrum (inset). We used powder form of ZnO of sample A, so as to get sufficient PL signal, however, we were not able to acquire the PL decay profile of the line because of weak PL intensity. As shown in Fig. 3 , the line decays nonexponentially and decays slower than the line. Since the line is attributed to (D 0 , X), we fit the decay profile using a single exponential function. Here, we took account of the laser pulse shape and made convolution integral for the fitting. Since we employed convolution fitting, the decay time can be estimated when its value is in the same order of the time-resolution. The fitted result shown by the solid line agrees well to the experimental data and obtained decay time was 66 ps.
Results and discussion
Fonoberov et al. [15] and Fallert et al. [16] observed a PL peak at ~3.31 eV in ZnO NCs. They supposed that acceptor impurities were located near the NC surface and that these acceptors related to the observed PL peak. The origin of the line is thought to relate to such acceptor impurities. However, since the line diminishes in single NCs, the acceptors are not located at the NC surface but are formed at the interface between aggregated NCs. In previous work, we found that the line was only observed at low temperatures [19] . Thus, the line is supposed to be due to donor-acceptor pair (DAP) states because activation energy of the (DAP) states is small and their PL is observed only at low temperatures. The PL decay profile of the (DAP) states has a non-exponential curve and is described as [25] , (1) Here, W(r) is a decay rate of the (DAP) states depending on the distance between donor and acceptor, r, and given by W(r) = W max exp(-r/R), where W max is a constant parameter and R is a half of the Bohr radius of the weaker bounded impurities (donor or acceptor). In ZnO, donors are shallower than acceptors, and thus R = a D /2, where a D is a donor Bohr radius. In Eq. (1), n is a major impurity concentration, which is regarded as a donor concentration in the present case, because ZnO is naturally n-type and the PL due to (D 0 , X) ( line) is observed. Using Eq. (1), we fitted the experimental decay profile of the line. In the fitting procedure the excitation laser pulse shape was taken into account by making convolution integral. The solid line of the line in Fig. 3 [26] , the a D is estimated to be 1.7 nm, and thus R = 0.9 nm. Consequently, n is estimated to be 9.5 x 10 17 cm -3 . When the NC size is 20 nm and n = 9.5 x 10 17 cm -3 , 8 donor impurities in average are involved in each NC. Since the line, (D 0 , X), can be clearly observed in our sample, the obtained value is thought to be reasonable.
Conclusion
PL properties of ZnO NCs were studied by using -PL and time-resolved PL spectroscopies. Three PL peaks ( , , and lines) were observed in NC dispersed films at 20 K. It was found that with a decrease in the NC density, and lines were diminished and only the line was dominated. The line was observed in isolated individual NCs and it was attributed to (D 0 , X). The line decayed single exponentially, while the line decayed non-exponentially. The decay profile of the line was well fitted by the model assuming that the line was due to the (DAP) states. These findings suggest that the line was due to the (DAP) states, where the acceptors were formed at the interface between aggregated NCs.
